Transitional metals, as vanadium, are known to exert noxious effects by generating oxidative stress. Addition of antioxidants in the diet could decrease the cytotoxic effect related to the oxidative stress. The present study, carried out in rats, is a contribution to explore mechanisms underlying vanadium toxicity and possible protective effects of green tea Camellia sinensis which is known to be rich in antioxidant compounds (polyphenols...).
Introduction
Vanadium is released in large quantities into the environment from combustion of fossil fuels, from various industrial processes and from wear of ubiquitous vanadium containing metallic alloys. Concentration of vanadium in the atmosphere of New-York city was found to reach values as high as 10 μg / m 3 (IPCS, 1988; Harland and Harden-Willams, 1994) , what could have impact on public health. Soluble vanadium occurs mainly as the pentavalent anion vanadate (Capella et al., 2002) . This form, which is the most toxic, easily enters living cells where it can be reduced into vanadyl ion through a process which depends on the presence of NADPH, glutathione (GSH) and other reducing substances. Vanadium is known to exert a major part of its noxious effects by generating free radicals and inducing an oxidative stress (Halliwell and Gutteridge, 1999) . The chemistry of vanadium is complex because this element can exist in oxidation states ranging from -1 to +5, preferentially +3, +4 (IV) for vanadyl and +5 (V) for vanadate. Forms of vanadium are function of pH. In neutral solutions, vanadium occurs mainly in the form of the pentavalent anion vanadate (VO 3 -, V +5 ). This form, which is the most toxic, easily enters living cells where it can be reduced into vanadyl in a process dependent on the presence of NADPH, glutathione (GSH) and other reducing substances (Capella et al., 2002) . In blood, vanadate (V) and vanadyl (IV) forms coexist. The vanadyl cation, complexed with transferrin and ferritin, is distributed to various organs and tissues (Domingo, 1996; Cortizo et al., 2000) . Vanadium is found in highest amounts in the kidney, liver, testes, bone and spleen. Absorbed vanadium is mainly excreted in the urine as both high and low molecular weight complexes. Some absorbed vanadium is excreted via the bile (Mukherjee et al., 2000) . Years ago, it was discovered that vanadium salts have a strong insulin-mimetic activity in animal models of diabetes (Shechter, 1990; Domingo et al., 1994) and, more recently, in diabetic patients (Goldfine et al., 1995; Cusi et al., 1997; Willski et al., 2001) . However, toxic effects of vanadate were reported, strongly reducing its therapeutic use (Sabbioni et al., 1993; Domingo et al., 1995) . Effects of vanadate in very exposed workers were found to mainly result from an oxidative stress at the cell level (Halliwell and Gutteridge, 1999 ). This conclusion is also supported by animal data. Vanadate was shown to induce lipid peroxidation in isolated rat hepatocytes as well as in the perfused rat liver (Stacey and Klassen, 1981) . Using antioxidants agents, Younes et al. (1991) demonstrated in rat the role of oxidative mechanisms in the vanadate-induced hepatotoxicity.
Addition of antioxidants in the diet could therefore decrease the adverse effects of vanadium poisoning. For this reason, tea drinking is supposed to have beneficial effects on health due to the presence of catechins, major polyphenolic compounds in tea leaves, which possess strong antioxidative properties (Matsumoto and Ymane, 2000) .
Polyphenols are known to possess anti-oxidative properties due to their radical scavenging and metal chelating functions. As a consequence, polyphenols are believed to display anti-toxic and anti-mutagenic activities (Matsumoto and Ymane, 2000) . Epigallacatechin-3-gallate (EGCG, also named catechin), a major polyphenol present in green tea leaves, has been considered to have beneficial properties on health (Trevisanato and Yi, 2000) and low doses of EGCG (0.4 -300 μM) were reported to repress reactive oxygen species (ROS) activity in a dose-dependant manner and to inhibits apoptosis in activated neutrophils (Dona et al., 2003) .
The present study, carried out in rats, explore the mechanisms underlying vanadium toxicity and the potential protective effects of green tea (Camellia sinensis) drinking. For this purpose, ammonium metavanadate was administered, either orally in drinking water or by i.p injections, to rats. While a batch of animals was kept on normal tap water, another batch was given drinking green tea as sole beverage. Since the most significant effects were observed on kidneys under our experimental conditions, this organ was studied by histology. Serum creatinine and urea levels, vanadium accumulation, lipid peroxidation levels and expression of stress protein (HSP70, GRP94) in renal tissue were also investigated.
Materials and Methods
Chemicals and Miscellaneous Ammonium metavanadate grade, was purchased. Green tea (Camellia sinensis), special gunpowder quality, was from China Tuhsu Zhejiang Tea import and export Corporation. Food for animals was a 15%-proteins commercial preparation supplied by SICO (Sfax, Tunisia). Animals were "Wistar" male rats, 2 months old, about 100 g body weight, fed ad libitum, kept in a breeding farm, at 22℃ with a stable hygrometry, under constant photoperiod (14h light/10h dark).
Experimental protocol 1 (Vanadium is administered orally) 200 rats were divided into 4 equivalent batches: control group (C) was kept on tap water; group (V) was given a 4 mM solution of ammonium metavanadate as sole beverage; group (T) was given a green tea decoction (66g of dry leaves were boiled in 1 liter of water and cooled down during 20 minutes); group (T+V) was given the green tea decoction containing 4 mM ammonium metavanadate. Each animal was estimated to drink about 10 mL per day, corresponding to 0.04 mmol vanadium per day in poisoned animals. All treatments were followed during 2, 10, 20, 30, 60 and 90 days.
Experimental protocol 2 (Vanadium is administered by i.p. injections) 140 rats were divided into 2 equivalent batches for a preliminary experimental step consisting in giving either normal tap water to one batch (control group C*) or a green tea decoction prepared as above to the other batch (T* group), for one month. C* batch was again divided into two groups: a control group (C) was kept on tap water and animals were i.p. injected daily with 0.9% NaCl as a sham injection. The other group (V) was kept on tap water and animals were i.p. injected with ammonium metavanadate (5 mg NH 4 VO 3 / kg body weigh / day). T* batch was similarly divided into two groups: group (T) was kept on green tea decoction and animals were i.p. injected daily with 0.9% NaCl (sham injection). The other group (T+V) was kept on green tea decoction and animals were i.p. injected with 5 mg NH 4 VO 3 / kg / day. Administered amount of metavanadate, estimated to be 0.04 mmol per animal per day, and the amount of green tea (dry leaves) were chosen according to the previous studies of Haguenoer and Furon (1982) in rats and of Trevisanato and Yi (2000) in humans. Four animals in each group were sacrificed by rapid decapitation after 1, 3, 5, or 10 days. Blood samples were collected; serum was separated by centrifugation and frozen until analysis. Right kidneys were collected, dried and mineralized for spectrophotometrical determination of vanadium level. Part of left kidneys was immersed in Bouin's fixative for histological study while the other part was deep-frozen and kept at -80℃ until analysis.
Histology analyses Classical procedure was used for histology. Kidneys fixed into Bouin's fixative were embedded into paraffin, cut into 5 μm slices and colored with hematoxyline-eosine. Chemical analyses Serum creatinine assay was based on the Jaffee'reaction. After sulfotungstic deproteinisation, creatinine reacts with picric acid in an alkaline medium to develop an orangeyellow color mesured at 510 nm.
Serum urea concentration was measured with urease using a commercial kit from Merck ® . Urinary parameters (pH, glucose, proteins and presence of erythrocytes) were analysed using "LABSTIX small strips" system.
Measurement of vanadium content Vanadium concentration in kidney was evaluated after mineralization of the organ. This step was carried out in Kjeldahl tubes in the presence of a nitric acid/perchloric acid (2v/1v) mixture. Vanadium was then allowed to react with phosphoric and tungstic acids to develop the characteristic brown-yellow color measured at 400 nm.
Measurement of lipid peroxidation levels Level of lipids peroxidation was estimated by measuring the amount thiobarbituric acid reactive substances (TBARS) as follows: kidney sample about 1g cut into small pieces and immersed into 2 mL ice-cold Tris buffer (50 mM Tris, 150 mM NaCl, pH 7.4 ) then sonicated (for 10 sec) and centrifuged (5000 g, 30 min, 4℃). An aliquot of supernatant was used for assay of protein content according to the Lowry's method (1951) and 175 μL of supernatant were mixed together with 175 μL of 20% trichloroacetic acid containing 1% butyl-hydroxytoluene. After centrifugation, 200 μL of the resulting supernatant were mixed together with 40 μL 0.6M HCl and 160 μL of 26 mM Tris (pH 7.4) buffer containing 0.72 mM thiobarbituric acid, then allowed to stand for 10 min at 80℃. After cooling down, optical density was measured at 530 nm.
Analysis of the stress protein expression on immunoblots About 1 g of kidney, cut into small pieces and immersed into 3 mL ice-cold lysis buffer (Phosphate-buffered saline, pH 7.4, containing 0.5% NP-40 and protease inhibitors: 10 mM EDTA, 2 mM PMSF, 5 mM NEM, 1 μg/mL of aprotinin), then sonicated (for 10 sec, two times) and centrifuged (5000 g, 30min, 4℃). Aliquots of supernatants containing 20 μg proteins were submitted to SDS-PAGE according to Laemmli's method (1970) and electroblotted (60V, 75 min) onto 0.45μm-pores nitrocellulose membranes. In order to saturate the unspecific sites, the membranes were preincubated for 1 hr at 37℃ into a Tris-buffered saline (TBS: 10 mM Tris, 140 mM NaCl, pH 7.4) containing 0.1% Tween 20 (TBST). The membranes were then incubated for 1 h at room temperature under continuous shaking in the presence of the primary antibodies (HSP72/73 diluted to 1/30000 in TBST) and allowed to stand overnight at 4℃. After washing into 1) TBS for 5 min, 2) TBS containing 0.1% Nonidet-P40 for 15 min and 3) TBS for 5 min (twice), the blots were incubated at room temperature, in darkness, for 2 hr under continuous shaking in the presence of a peroxidase-conjugated secondary antibody diluted 1/20000 in TBS containing 3% dried skimmed milk. The antibody raised against Grp94 recognized two proteins at 96 kDa, also known as Grp96 and 98 kDa known as Grp98, in kidney extracts. In kidney extracts, the anti-Hsp72/73 antibody reacted with two proteins at 66 and 68 kDa, corresponding to Hsp72 (the inducible form of the HSP70 family) and with another protein at 73 kDa corresponding to Hsp73 (the constitutive form of the HSP70 family).
After washing, membranes were incubated with the chemoluminescent substrate for 2 min at room temperature and then exposed to Bio Max light-1 film (Kodak). HSP levels were determined by computer-assisted densitometric analysis of the exposed films.
Statistics Results were expressed as the mean values from at least three separate analyses ± standard deviation (SD). Data were compared using analysis of variance followed by post-hoc Scheffe' tests. Significance was accepted for p ≤ 0.05.
Results
Metavanadade is administered in beverage (tap water or green tea) Metavanadate treatment resulted in a loss of body weight in both (V) and (T+V) rats, as compared to controls (Fig 1) . However, weight loss was lower in rats drinking tea (T+V).
The size of the Bowman's space in the glomerule was found to be reduced and hypertrophied epithelial cells ap- peared in the renal tubules in kidneys of the (V) group as compared to other groups (Fig 4) (Table 2 ). However, there was no change in serum creatinine and urea levels (Fig 2) and urine pH to reveal a nephrotoxicity (Table 1) .
In (T+V) animals, vanadium accumulation was found to be lower than in the (V) group (Fig 3) , and renal histology was not modified, what suggests that combination of green tea and metavanadate reduces vanadium intake.
This phenomenon could be due either to a chelating effect of green tea compounds within the supplied beverage or to a reduction of metavanadate into vanadyl ions at the level of the gut mucosa by reducing substances from the tea, or both.
Effects of injected metavanadate in association or not with green tea drinking To inject metavanadate avoided its possible trapping by green tea compounds before entering the organism, as described above. Under these conditions, a time-dependant increase of kidney lipids peroxidation level was observed from day 1 to day 5 in animals of the (V) group and, to a lesser extent, in animals of the (T+V) group, indicating a somewhat beneficial effect of green tea on this parameter (Table 3) . Two protein bands (96 and 98 kD) were immunodetected with the anti-GRP94 antibody (Fig 5) , expression of which appeared to be inversely regulated during the 10 days of exposure to vanadium. The 98 kD protein was overexpressed at day 1, then underexpressed, whereas the 96 kD protein was firstly underexpressed, then overexpressed (Fig 6-7) .
Three protein bands were observed on immunoblots when using the anti-HSP73/72 antibody: a 73 kD band corresponding to constitutive form of HSP70, a 66 kD and a 68 kD bands corresponding to the inducible forms of this stress protein (Fig 5) . Surprisingly, expression of 66 and 68 kD proteins was strongly inhibited whereas that of 73 kD was slightly increased.
As shown in Fig 6-7 , green tea drinking was found to modify neither the expression level of these stress proteins as compared to controls, nor the effects of vanadium on this parameter.
Discussion and Conclusion
The aim of this study was to evaluate molecular effects of vanadium in rat kidneys following injections of ammonium metavanadate, paying special attention to lipid peroxidation and the expression level of some stress proteins which are known to be very sensitive to metal toxicity. A putative protective effect of green tea decoction drinking was also considered.
Vanadium administered for 90 days as ammonium metavanadate in drinking water induced a slowdown of body growth, an accumulation of the metal in kidney and structural alterations of the renal cortex. However, no changes of serum creatinine and urea levels in blood were noted. When same concentration of metavanadate was mixed with green tea (V+T), accumulation of the metal was found to be much lower in kidney and structural alterations were not observed. It is likely that a major part of the protective effect of green tea under such experimental conditions is due to the formation of chelates or other complexes between vanadium and diverse compounds from the tea. Oxalate, phytates and phenolic compounds are good candidates for this action (Trevisanato SI and Yik, 2000, Samman S, 2001 ).
When injected, vanadium was found to increase lipid peroxidation level in kidney (V group), that was lowered in rats drinking green tea (T+V group). In animals given green tea for one month (T), a decrease of basal lipid peroxidation level was observed in renal tissue, indicating that protection against oxidative stress can be enhanced by long-term consumption of green tea. However, when animals were injected with metavanadate, tea comsumption failed to completely inhibit the increase of TBARS level. This could result from the high amount of injected vanadium. However, it is Table 2 . Ratio of renal glomerules with shrunken Bowman's space over the total number of glomerules (× 100) after 2, 10, 20, 30, 60 or 90 days. Mean of 3 counting +/-SD.
well known that tea catechins have antioxidative effects and scavenging activity on active oxygen free radicals which are closely related to the occurrence of vanadium toxicity (Zaho B.L et al. (1989) .) In addition, we have reported that green tea and its major component (EGCG) decreased lipid peroxidation and free radical generation (Klauning J.E et al. (1999) , Higuchi A et al. (2003) , Freeze R et al. (1999 ), Fu YC et al. (2000 ).
It is possible that a bioactive component found in tea was transported to the kidney for metabolic processing and excretion, and thus enhanced antioxidant protection specifically in that tissue. The ability of EGCG to serve as a potent antioxidant in vitro (Domingo, J.L et al. (1995) ), and to provide protection from oxidative damage in vivo (Nagasawa T et al. (2000) ) suggest that EGCG from green tea is responsible for the protective effect, but the mode of action of tea has not been directly demonstrated. In humans, EGCG and other flavonoids from green tea are absorbed from the gastrointestinal tract and can be detected at micromolar levels in the plasma 30 min after consumption of the tea (Maiani G et al. (1997) ).
However, Kohri et al. (Kohri T et al. (2001) ) reported that in rats, most of the ECGC taken into the body is not absorbed intact, but rather is degraded in the intestine, and then absorbed and circulated to the kidney.
Metavanadate treatment did modify stress proteins expression in renal tissue. The density of the 68 and 66kD proteins bands, corresponding to the inducible forms of HSP70, was strongly reduced, whereas HSP73, the constitutive form of HSP70, was moderately overexpressed. No influence of tea drinking was observed.
From several studies, it appears that vanadium could 1) inhibit tyrosine phosphatase activity by oxidation of cysteine residues, leading to a hyperphosphorylation of the heat shock factor 1 (HSF1) (He and Fox (1997) ), 2) activate MAP-kinases, especially the ERK1/2 kinase which enhances the constitutive phosphorylation of serine 303 and serine 307 of HSF1 (Park and Liu (2000) ) and 3) as a result, contribute to the suppression of HSF1 transcription activity. (Xia and Voellmy (1997) ).We therefore hypothesize that changes in phosphorylation levels of various tyrosine and/or serine residues of the transcription regulatory domain of HSF1 could explain the respective up-or down-regulation of constitutive or inducible HSP70 in vanadium treated rats. Similarly, Changes in expression level of Grp stress proteins, which are located in the endothelial reticulum lumen, are pronounced in kidney after metavanadate treatment.
The glycosylation of Grp94 was reported to play an important role in the regulation of the Grp functions (Poola and Kiang, 1994) . Furthermore, it was proposed that the glycosylation pattern of Grp94 tends to change after a cellular stress or in several diseases such as cancer or diabetes as confirmed by an increased resistance to endoglycosidase-H digestion (Booth and Koch, 1989) . The fact that Grp isoforms may contain increasing level of carbohydrates reveals a cellular mechanism of sequential rounds of glycosylation leading to the accumulation of proteins at each glycosylation level. The vanadate-induced accumulation of the 96 kDa form, observed at day 3-5, could be explained by such a hyper-glycosylation and/or a hyperphosphorylation of Grp94 isoforms.
In conclusion, vanadium administration resulted in change of Hsp72/73 and Grp94 expression level, which could be due to change in phosphorylation patterns, vanadium being reported to be a tyrosine phosphatases inhibitor (Krejsa et al., 1997; Krejsa and Schieven, 1998; He and Fox, 1999) . 
